Nanotopographical features are found to have significant effects on bone behavior. In the present study, nanoporous aluminas with different pore sizes (20, 100 and 200 nm in diameter), were evaluated for their osteoinductive and drug eluting properties. W20-17 marrow stromal cells were seeded on nanoporous alumina with and without the addition of BMP-2. Although cell proliferation was not affected by pore size, osteogenic differentiation was 200 nm as compared to 20 and 100 nm pores induced higher alkaline phosphatase activity (ALP) and osteocalcin expression levels, thus indicating osteoblastic differentiation. Cell morphology revealed that cells cultured on 20 nm pores adopted a rounded shape, while larger pores (200 nm) elicited an elongated morphology. Furthermore, ALP expression levels were consistently higher on BMP-2 loaded nanoporous alumina surfaces compared to unloaded surfaces, indicating that not only is nanoporous alumina osteoinductive, but also has the potential to be used as a drug eluting bone-implant coating.
Introduction
Bone diseases and injuries such as osteosarcoma, osteoporosis, and bone fractures are a major clinical and socioeconomic impetus for the development of new bone replacement strategies [1] . The interdisciplinary research in bone tissue engineering has made some successes on the development of bone scaffolds to accelerate bone regeneration [2] . Current research has focused on the creation of highly porous, three dimensional, scaffolds that can be loaded with specific tissue inducing factors to promote tissue regeneration [3] - [5] . It is believed that the surface properties of the surrounding microenvironment, such as surface roughness, elastic modulus, chemical reactivity, wettability, nanoscale features (pores, pillars, pits, etc.), have a significant influence on the stem cell responses, including cell proliferation and differentiation [6] . Studies have suggested that scaffold pore size and geometry can affect stem cell differentiation. For example, some have observed that pores ranging from 70 -100 nm facilitate osteoblast differentiation via increased stem cell elongation, and by inducing cytoskeletal stress [7] . In contrast, others reported that a smaller pore size, between 20 -30 nm, enhanced osteogenic differentiation with increased focal adhesions [8] . The purpose of this study was to identify pore size ranges that affect stem cell proliferation and subsequent osteogenic differentiation. To determine the critical pore sizes for cell osteogenic responses, we used nanoporous alumina as a model substrate. Nanoporous alumina is created by anodic oxidation of aluminium (anodization) in polyprotic acids, producing a well-ordered structure of nanopores. Moreover, nanoporous alumina has shown promising potential to be implemented as a bone implant coating [9] , immunoisolation device [10] , and for drug delivery applications [11] - [14] . It should be noted that human osteoblasts cultured on nanoporous alumina maintain a physiological phenotype [9] [15] .
The aim of this study was to investigate the effect of nanotopography on cell behavior. A murine bone marrow stromal cell line, W20-17, was used to investigate the potential of nanoporous alumina as an inductive substrate for osteogenic differentiation. We investigated the effect of nanotopography on osteogenic differentiation on varied pore sizes (20, 100 and 200 nm in diameter). The efficacy of nanoporous alumina to release an osteoconductive agent-bone morphogenic protein-2 (BMP-2) was also investigated. Cell proliferation, osteogenic differentiation assays, and gene expression levels were performed in vitro. Cell morphology was analyzed with scanning electron microscopy [16] .
Materials and Methods
Nanoporous alumina membranes with pore diameters of 20, 100, and 200 nm (Anodisc Whatman International Ltd., Madison, England) were utilized in this study. The membrane discs were 13 mm in diameter and 60 μm thick. The membranes have similar surface roughness and surface chemistry, independent of porosity [17] . For detailed chemical compositions of the nanoporous alumina membranes, please refer back to the studies done by Karlsson et al. [17] .
Loading Nanoporous Alumina Surfaces with BMP-2
Each membrane was soaked overnight in a 40 µl solution of BMP-2, at a concentration of 200 ng/ml at 4˚C. The impregnated surfaces serve as a slow release reservoir of BMP-2.
Cell Culture and Morphological Examination
Stem cells (W20-17, mouse bone marrow stromal cells, European Collection of Cell Cultures) were maintained in DMEM/F12 culture medium supplemented with 10% fetal bovine serum (Hyclone), 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma Aldrich, Germany). Cells were expanded in 75 cm 2 flasks at 37˚C, in a humidified atmosphere with 5% CO 2 . Using 24 well plates, cells were seeded on nanoporous alumina membranes as well as control wells (tissue culture polystyrene, TCPS) at a concentration of 5000 cells/cm 2 . After 2 days of incubation, cells were fixed in 2.5% glutaraldehyde. The samples were then dehydrated through a series of alcohol concentrations (10%, 30%, 50%, 70%, 90%, and 99%). Hexamethyl dixilazane was used in the final dehydration step, followed by air-drying. The samples were then coated with Au/Pd for examination using a Scanning Electron Microscope (AS02 SEM / EDS 1550, Zeiss).
Cell Proliferation and Differentiation
For the cell proliferation study, W20-17 cells were seeded on nanoporous alumina membranes as well as control wells in 24 well plates at a density of 5000 cells/cm 2 . After incubation for different periods of time (2 and 7 days), cell proliferation was evaluated with the AlamarBlue assay (Invitrogen) using the manufacturers' instructions. Cell proliferation rate was determined by calculating the percentage of cell number that increased by time. To quantify ALP activity, Alkaline Phosphatase Substrate System (Sigma Aldrich, Sweden) was used, according to the manufactures' instructions. ALP values were then normalized to total intracellular protein content by using the Micro Bicinchoninic Acid (Micro BCA, Pierce, USA) assay kit. Osteocalcin (OC) gene expression levels were determined by using qPCR and normalized to beta-actin [18] .
Statistical Analysis
Ordinary ANOVA was performed using standard methods for Scheffe's multiple comparison test. P < 0.05 was chosen as significant.
Results

Cell Morphology and Viability
It is well established that stem cells change morphology as part of the differentiation processes. Interestingly, we have observed that cells present different morphology depending on nanoporosity. Cell morphology was analyzed after 2 days in culture using SEM. The images of cells cultured on 20 nm membranes showed somewhat flat and round-shaped cells as compared to the 200 nm membranes (Figure 1(c) ). On this surface, cells adopted a far more elongated form, indicative of preosteoblastic morphology (Figure 1(c) ). Cells grown on 100 nm membranes had similar morphology as cells on the 200 nm membranes. Images of these cells are, therefore, not shown. In general, higher cell numbers were found on the polystyrene surface as compared to the nanoporous alumina surfaces (Figure 1(a) ). There was however no significant difference in cell number among the membranes (20, 100, 200 nm) with cells grown without the presence of BMP-2. Proliferation rate was determined by analyzing the increase in cell number from day 2 to day 7. Although the cells initially adhered to the TCPS surfaces in higher amounts, no difference in proliferation rate was seen between the TCPS and the alumina membranes (Figure 1(b) ). In addition, no significant increase of total cell number and proliferation rate was seen with the addition of BMP-2.
Cell Differentiation
To directly assess the influence of surface pore size on osteogenic differentiation, we measured the expression of ALP in W20-17 cells. On day 14, we found substantially higher ALP activity in cells adhered to the 200 nm membrane as compared to the 20 and 100 nm membranes (Figure 2(a) ). The differentiation rate was determined in the same way as proliferation rate. More specifically, ALP was determined by analyzing the increase in enzyme activity from day 2 to day 14. Cells cultured on the 200 nm membrane also had a higher differentiation rate and osteocalcin (OC) expression level as compared to the 20 nm membranes, further suggesting that larger diameter nano-topographical features exhibit sustained differentiation towards an osteoblastic lineage (Figure 2(b),  Figure 2(c) ). Taken together, these results therefore support that the 200 nm pore size membrane corresponds with an increase in osteogenic activity. The same trend can also be seen in samples exposed to loaded BMP-2 alumina membranes. The addition of BMP-2 increased the overall levels of ALP activity and OC expression as compared to cells without exposure to BMP-2 (Figure 2(a) and Figure 2(c) ). However, the differentiation rate of cells with the addition of BMP-2 was the same on all pore sized membranes, showing that BMP-2 enhanced the overall levels of osteogenic differentiation, but was not affected by pore size.
Discussion and Conclusion
The motivation for incorporating nanofeatures into biomaterials designed for bone implants is physiologically driven. Controlled nanoarchitectural surface features that closely mimic that of native bone morphology, could help promote osteoblast functionality, thereby enhancing overall osseointegration between the implant and tissue interface. In the current study, we have demonstrated that controlled nanoscale features can aid in guiding stromal cells towards osteogenic behavior.
Pore size directly affects cell response in many different ways. We observed that cell proliferation was reduced on nanoporous substrates as compared to TCPS. Pore size also influenced the osteogenic differentiation, with larger pores inducing significantly greater ALP activity and OC expression. During stem cell differentiation, the resulting cell fate depends upon the geometric cues of the substrate surface. When grown on 20 nm alumina, we see that cells take on a rounded morphology, while cells cultured on 200 nm alumina adopt a more elongated morphology. Larger diameter pore sizes force cells to stretch to attach to protein aggregates formed on the sub- Figure 1 . (a) Cell Proliferation: Cell proliferation was analyzed at 7 days, using Alamar Blue. Proliferation was higher on control surfaces compared to nanoporous surfaces. There was no significant difference in cell number among the different pores. (b) Cell Proliferation Rate: Proliferation rate was determined by analyzing the increase in cell number from 2 days to 7 days. Proliferation rate was not significantly different between alumina samples and controls, during the first 7 days of culture. (c) Cell morphology: W20-17 cells cultured for 2 days on 20 nm nanoporous alumina adopted a round-shaped morphology while cells cultured on 200 nm nanoporous alumina conformed to a more elongated morphology, indicating that a larger diameter pore size enhances cell spreading. The scale bar represents 20 μm. strate surface [19] . This stretching can mimic the topographical guidance towards osteoblast differentiation provided by the native ECM [6] . It is commonly known that when stem and stromal cells are stressed, they can differentiate into a specific lineage that will accommodate the stress in the case of osteoblast differentiation [20] . Finally, some studies have reported that extracellular matrix components [19] are sufficient to stimulate differentiation. The native ECM is a nanoscale environment which facilitates the transfer of information from the extracellular environment, to and from the cell [16] [21] . The topography created on nanoporous alumina could potentially be fabricated to mimic features of the ECM and, thus stimulating integrin receptor activation.
The effective osteogenic agent, BMP-2, is short lived in culture. Drug release from a reservoir is, therefore, an attractive alternative to bulk addition in media [22] . We assessed the efficacy of nanoporous alumina as a drug delivery material by comparing the morphological and biochemical effects of two groups: control and BMP-2 loaded nanoporous alumina membranes. We observed a significant increase in ALP activity and OC expression with the addition of BMP-2. BMP-2 enhanced the magnitude, but not the rate of differentiation. BMP receptors stimulate membrane bound serine and threonine protein kinases, initializing phosphorylation of downstream effector proteins of receptor-regulated Smads (R-Smads) to enhance osteogenic gene transcription. In previous studies, mesenchymal stem cell (MSC) adhesion to BMP2-conjugated TiO 2 nanotubes, was found to initiate the dimerization of serine/threonine kinases [23] . This study explores the possibility of using a nanoporous alumina based delivery method to enhance osteogenic differentiation. Perhaps the most significant result, with respect to nanoporous alumina as a drug delivery vehicle, is that ALP activity increased throughout the 14 day culture period. W20-17 stem cells are genetically altered stem cells used to evaluate the bioactivity of BMP-2 through the production of ALP [24] , thus being used as an indirect way of detecting BMP-2 activity levels in culture. As seen in Figure 2(b) , ALP levels on all pore sized membranes incorporated with BMP-2 increase with time. A proof of principle of BMP-2 release from the alumina membranes has therefore been shown for the first time.
Alumina nanotopography has a profound effect on stem cell behavior in terms of cell proliferation, morphology, and differentiation, in the presence and absence of BMP-2. This research demonstrates that stem cells can be guided towards an osteogenic fate through selectively manipulating the dimensions of pore size diameter on nanoporous alumina. In addition, our data suggests that nanoporous alumina could be used as a potential vehicle for drug delivery.
